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The influence of the structure (swelling and fixed charges
concentration) on the diffusion properties of ion condicting
materials is not well understood In this paper we analyse
the variation d the diffusion coefficient of the wurter-ion
and d water and d the cdionwater flux cougding
coefficient (as defined in the generalised Nernst-Planck

equation) when the structure of the material changes.

The multicomporent Nernst—Planck (1) equation wsed in the
simulation is compatible with the diffusion Stefan - Maxwell
equation and the heterogeneous Spiegler equation. To
simulate the influence of the structure of the ionic
condwting pdymer we use the dusty gas modd: the
diffusion coefficients used here ae those caculated and
published by Schadzd et a. (2) from sdf-diffusion,

eledroosmosis and eledrica condctivity experiments.

We show that, at constant swelling d the ion condcting
polymer, when the mncentration o the ionic fixed charges
increases the diffusivity of water is constant, the diffusion
coefficient of the curter-ion and the ion-water couging
coefficient deaeesse sharply. At constant ion exchange
cgpadty of the ion condwting material when swelling
increases, diffusivity of water and of the courter ion, and the

couping coefficient increase.

We finely compute the transport number of water and the
eledricd conductivity of the materia with the generalised
Nernst-Planck equation. We show that eledricd condLctivity
is little dfeded by swelling bu sharply increases with
exchange cgadty. Eledroosmosis deaeases darply with

exchange cgadty and increases with swelli ng.
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An expresson d the diffusion coefficient of a
spedes in a multicomporent mixture is given and
the wuping coefficient between two dffusing
spedes is defined. The couping coefficients are
not symmetricd. We show that the self diffusion
coefficients and the diffusion coefficients have

very different values.

key words: diffusion, Fick's law, eledrolyte,

multicomporent mixture, Nernst - Planck

equation

Introduction

The Nernst - Planck equation is the expresson d Fick's
equation in eledrolyte solutions or solid eledrolytes ( for
example, in ion exchange membranes). In this dort
communicaion, we derive the expresson o the Nernst -
Planck diffusion equation in a multicomporent solution by
rearanging the generalized Stefan - Maxwell equation and
show that the expresson wsed in general leads to serious
misunderstandings concerning the diffusion coefficients (
which are sometimes understood as the self diffusion
coefficients ) and the flux couging coefficients which are

usualy put equal to urity.

Derivation d the multicomporent Nernst - Planck equation

The generalized multicomponrent Stefan - Maxwell equation

can be written[1]:
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g is the arerage diffusive molar flux of spedes i, n the

number of spedesin the mixture, ¢; the molarity of spedesi,

R the ided gas constant, T the absolute temperature and CI;

the gradient of the generalized chemicd potential. The Dij

are generalizations of Stefan-Maxwell diffusivities and have

the symmetricd property ( Dij = Dji ). Rearanging this

equation leals to the generali zed Nernst - Planck equation:
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Eqgn. (2') defines clealy Dj asthe diffusion coefficient of the

i spedes in the multicomporent mixture. This coefficient is
different from the self ( or isotope ) diffusion coefficient

defined by[2]:
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i* is the isotope spedes. We define ajj as the muping

coefficient between Jj and Jj. This coefficient does not have

the symmetrica property ( ajj # ajj ).

Ilustrative example

An illustrative example is needed to show extent to which
the usual modified Nernst - Planck equation wsed to describe
diffusion - convedion in ion - exchange membranes is not
appropriate. Schadzd et a.[2] have shown that the
disdpation in this type of dense material is completely of the
diffusive type and that viscous effeds are negligible. The
example studied here is a polymeric ion exchange material
with carboxylate addic ion exchange groups. The transport
properties of this material were predsely described by
Despic and Hills [3]. The Stefan - Maxwell equation

explains quantitatively the transport properties in this ion
exchange material at variable swelling and ionizaion [2].
Index 1 hdds for the sodium courter ion, 2 for the @ion (
which has a negligible @ncentration in the reported
experiments ), 3 for water , 4 for the ionized ion exchange

groups and 5for the nonionized ion exchange groups. We
have cmputed the diffusivities ( D1, D3 and D1x) and the
couping coefficients a13 and a3y from the cdculated
mutual diffusivities computed by Schaezd et d. ( fig. 1 and
2) based onthe experimental results reported by Despic and
Hills [3]. On Fig. 1 and 2the mncentration d the courter

ionsis represented by the degreeof ionization (y1 ) whichis

theratio between the ionised and the total functional groups.

Discusson
The usual modified Nernst - Planck equations used in the
pseudo-binary cese ( water plus courterions in an ion -

exchange membrane) when negleding convedion are:

O
‘Jl = —C]_Dl% + Xl[‘]l + Jg]

0
33 = —C3D3 % + X3[J1 + J3] 4

In this equation, X1 represents the mole fradion d the

courter - ion in the binary liquid mixture. The result for the

generalized Nernst - Planck equation leals to:

_ Oy
J1 = —C1D1 &7 +X1013J3

a
33 = —03D3# + X303131 (5)

In this case, X1 represents the mole fradion in the ternary

mixture and fig. 1 shows that the muping coefficient a13is

clealy different from unity and is not symmetricd. So, the
usual and the generalized Nernst - Planck equations are quite

different.

We show now how the diffusion coefficients and the
couping coefficients can be measured in an ion exchange
membrane ( with total Donnan exclusion ), from threesimple
transport  experiments. eledroosmoticd flux, hydraulic

permeability and eledricd conductivity. From equation (5),



we seethat the product 031 x3 is the transport number of
water. The D3 coefficient cen be @mputed from the
hydraulic membrane permeability ( Dp=J3 V3 / (-dp/dz) ) at

nil eledricd potentia gradient and concentration gadient).

Theresult is:
DhRT
c3 Vg3

V3 is the partial molar volume of water. D13 ( = D37p) is

computed from egn. (2'). The dedricd conductivity (A)

measurement leads to the cdculation d D1 :

2
F~D1c1Z
A= 117l )

RTH-x1x3D1D3/ DfBE

o13isobtained byegn..(2') i.e.a13=D1/D13.

Historicdly, one of the reasons for the introduction o
convedive flow in the Nernst - Planck equation is the
discrepancy between the cdculated and the measured water
transport number: in fad, a polymer ion - exchange
membrane shoud be mnsidered as a dense membrane (i. e. a
pore free membrane ) where the mnwedive flow can be
negleded. The mrred equation to be used shoud be the
multicomporent diffuson Nernst - Planck equation
developed in this paper. Ancther ealy error in this field has
been the use of the self-diffusion coefficient in placeof the
diffusion coefficient. For the illustrative example, Fig. 1
shows that the self-diffusion coefficient is about 20% |lower

than the diffusion coefficient defined by equation (2').
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Fig. 1 Diffusion coefficients of the sodium ion ( D1 ), of

water ( D3) and self diffusivity ( D1+ ) of the sodiumion vs.

neutrality rate in the polymer cdculated from [2].

Fig.2 Couging coefficients a13 ( sodium ion - water ) and

a31( water - sodium - ion ) vs. neutraizéion rate in the

polymer [2,3,4]
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